Abstract. It is shown that whether or not diffractive scattering is observed from solid surfaces depends not only on the elastic scattering cross section, ie the normalized Debye-Waller factor, as has been recently suggested by J L Beeby but also on the surface structure or local surface potential of the particular solid.
Introduction
In a recent very interesting letter, Beeby (1971) has examined theoretically the interaction of helium atoms with solid surfaces. The purpose of his investigation was to determine on which surfaces diffractive (elastic) scattering might be expected to be observed and, in particular, why diffractive scattering is the rule on alkali halide crystal surfaces and the exception on metal surfaces. In the present communication, the results and conclusions of Beeby (1971) are examined in somewhat more detail which allow further generalizations to be made regarding on which surfaces atomic diffraction might be observed, as well as the relative importance of the thermal motion of the solid (DebyeWaller factor) and the local interatomic potential which an impinging gas atom experiences.
Theory
The thermal motion of a solid surface leads to an enhancement of the inelastic scattering cross section at the expense of the elastic cross section. In fact, the elastic cross section is reduced by the normalized Debye-Waller factor. that is the interatomic potential between the impinging gas atom and the surface is smeared out by the thermal motion of the surface atoms. The Debye-Waller factor may b e written as where Q, is the momentum transfer of the scattered atom orthogonal to the surface, (U:) is the mean square displacement of a surface atom also in a direction orthogonal to the surface plane, and h is the Planck constant divided by 271. Beeby (1971) has analysed the gas-surface interaction using the time dependent Schrodinger equation in the interaction representation and has shown that the time variation of the potential is small all the way down to interaction distances of the order of 0.6 A. This means that the time dependence of the attractive part of the potential can be ignored, that is the time dependence is too rapid for the system to respond to it. Physically, this is a result of a weak, slowly varying potential, and a many-body interaction (one influenced by a large number of surface atoms). The important conclusion which may be drawn from this result is that the attractive part of the potential is effectively time independent, and the thermal motion of the surface atoms only smears out the repulsive part of the potential. It is thus the repulsive part of the potential which determines 6. This is in agreement with recent helium scattering experiments from W(110) (Yamamoto and Stickney 1970, Weinberg and Merrill 1972a) and Pt(ll1) (Stoll et al 1971) in which the specularly reflected intensity increased at more grazing scattering angles, that is as the scattering angle measured from the surface normal increased. It has been argued that this variation in reflected helium intensity with scattering angle is a result of an interaction principally through the repulsive part of the potential (Weinberg and Merrill1972a) .
The above results are also in agreement with a classical perturbation theory of Goodman (1963) which indicated that the gas-surface collision is languid, and while the attractive interaction is effectively conservative in itself, it is important since it leads to the repulsive interaction being more dissipative. The calculations of Beeby (1971) and Goodman (1963) and the experimental results of Stickney and co-workers and Merrill and co-workers indicate that the momentum transfer (to be used in calculating 6, for example) should be evaluated after the gas atom is accelerated by entering the attractive potential well. This result was used by Beeby (1971) to examine diffractive scattering via the DebyeWaller factor and was used earlier by Weinberg and Merrill (1971) in estimating the probability that an impinging gas atom will be trapped in the gas-surface potential well and will then be re-emitted diffusely, that is, with a cosine distribution. Beeby (1971) has found that Q: to be used in (1) is given by Qf,> 8mD
(2) where m is the mass of the gas atom, and D is the gas-surface potential well depth. The mean square displacement of a surface atom orthogonal to the surface plane for a Debye solid is given by where q, M , k and OD,s are the surface temperature, the mass of a surface atom, the Boltzmann constant and the surface Debye temperature, respectively. The function is given as a function of OD, s/Ts by James (1965) and may be approximated by unity for OD,s 5 T . Combining (l)-(3), using the equality in (2), and assuming the bracketed term in (3) is unity, the following expression for 6 is obtained where p* is the mass ratio, m/M. Equation 4 may be used to calculate 6 for experimental conditions appropriate to those reliable scattering experiments which have been reported.
These calculated values of 6 are shown in table 1 together with the experimental result of whether or not diffraction is observed. The values of the surface Debye temperature are either the experimental values of Morabito et a1 (1969) or are taken as 58 % of the bulk value of the Debye temperature. The latter derives from the average value found by Morabito et a1 (1969) for the systems on which they report: the surface Debye tempera- Weinberg and Merrill(1972b) e Smith and Saltsburg (1964) Saltsburg and Smith (1966) Palmer et a / (1970) A series of papers in Z . Phys. commencing with Estermann and Stern (1930) Stolletai(l971) West and Somorjai (1971) ' Yamamoto and Stickney (1970) Weinberg and Merrill(1972a) Tendulkar and Stickney (1971) Weinberg and Merrill(l970) etal (1969) FollowingBeeby(l971),D = 300 calmol-' for He-metalinteractions. andD = 250cal mol-' for He-LiF, He-NaC1, He-C and He-WC interactions.
ture is found to lie between and 3 of the bulk value. The experimental determination is made using the Debye-Waller attenuation of low e n e r g electron diffraction peaks. The value of the gas-metal surface potential well depth, D, is taken as 300 cal mol-' by assuming one conduction electron per atom in the formulation of Margenau and Pollard (1941) and Pollard (1941) . This is the same value used by Beeby (1971) . The use of one conduction electron per surface atom for all the metals listed in tables 1 and 2 is a first approximation since the number of conduction electrons varies from metal to metal in an unknown fashion. The number of bonding electrons, n, in the various transition metals based on the Engel-Brewer correlation (Brewer 1968 ) is shown in table 2. It is the bonding electrons which result in the high cohesive energy of the transition metals. However, at a surface these normally bonding electrons may occupy surface orbitals and greatly increase the very small number of holes usually associated with the d band in bulk transition metals (eg de Haas-Van Alphen experiments have placed an upper limit of l o F 4 holes in the d band for platinum (Mueller et a1 1970 , Andersen 1970 ). The available surface orbitals are also a function of crystallographic orientation so that the appropriate number of 'conduction electrons' to use in the formulation of Margenau and Pollard (1941) and Pollard (1941) may not even be exactly constant for a given metal (Weinberg and Merrill 1972d) . Evidence for this assertion comes from the measured changes in surface potential for xenon physically adsorbed on various crystallographic orientations of Ni (Baker and Johnson 1972) and the experimental binding energies of argon, krypton and xenon on various crystal planes of W (Engel and Gomer 1970) . Presumably, the appropriate number of conduction electrons to be used in calculating D is a structure factor multiplied by the number of bonding electrons n given in table 2. The structure factor depends on the number of unsaturated surface orbitals and is a function of crystallographic orientation for a given transition metal. Depending on the number of near neighbours which are vacated in forming the surface, the value of the structure factor would be expected to lie between about and i. However, it seems clear that the theory is not precise enough to warrant any assumption other than that of one conduction electron per surface atom originally used by Beeby (1971) .
Results
In table 1, there is a natural grouping of the solids into three separate categories: (a) metals, which include Au, Ag, Ni, Pt and W; (b) two different forms of carbon, both diamond and a metal with an ordered carbon overlayer; and (c) alkali halides, which include LiF and NaC1. The results presented in table 1 are useful in assessing the effect of 6 on whether or not atomic helium diffraction is observed from a particular solid surface. It is seen that, in general, metals do not show diffraction effects; and also, in general, 6 for metals is rather small in agreement with the earlier arguments of Beeby (1971) . However, Weinberg and Merrill (1972a, c) have observed no diffraction from a W(110) surface at a surface temperature which corresponds to 6 = 0.40, whereas Tendulkar and Stickney (1971) have observed diffraction from a W(112) surface at a surface temperature corresponding to a 6 as small as 0.01. Also, Tendulkar and Stickney (1971) only observed first order diffraction peaks from their (1 12) surface when the azimuthal angle of the incident helium beam relative to the surface lattice corresponds to the [ 1101 direction. No first order diffraction peaks were observed when the azimuthal angle is in the [lil] direction of the surface lattice. Thus, diffraction was observed in a direction in which the surface structure is much more pronounced (across rather than along the rows of W atoms on the (112) surface). These results point out the evident importance of the surface structure, that is the local surface potential, in addition to the importance of 6. The importance of surface geometry is also manifested in the helium scattering from a diamond (100) and a tungsten carbide surface on which the highly concentrated surface carbon is ordered into a (3 x 5) array rotated 35" with respect to the underlying W(110) substrate (Weinberg 1971, Weinberg and Merrilll970,1972b, c) . Although 6 has approximately the same value and is quite large in both cases, the scattering from the two surfaces is radically different: both first and second order atomic diffraction peaks are observed from the tungsten carbide (Weinberg and Merrill 1970, 1972b, c) ; whereas the scattering from the diamond (100) surface is quite diffuse, very nearly cosine (Weinberg 1971, Weinberg and Merrill 1972~) . The latter result is undoubtedly due to the very open geometrically rough nature of the diamond (100) surface and points up the importance of considering surface structure or local surface potentials in addition to 6 when deciding in which cases diffraction might be observable. Finally, diffraction has been observed from the alkali halides, LiF and NaCl which are listed in table 1 (Estermann and Stern 1930) . That it has been observed for NaCl with a 6 of < 0.003 points to the fact that the local surface potential is of great importance in the scattering of helium from the alkali halides. That the intensity of the diffraction peaks are of the order expected by the 6 values (LiF > NaC1) points to the importance of 6. There is clearly an effect from both sources: the surface structure and local potential, and the Dcbye-Waller factor.
With the observation of diffractive scattering from W(112) by Tendulkar and Stickney (1971) , the attempt to observe diffrh, 5ve scattering of helium from other metals will undoubtedly occupy the attention of a number of other experimentalists including the present author. In table 2 values of 6 are calculated for a number of different metals, all at the same assumed surface temperature of 375 K. It is seen that although W is the metal most likely to show diffractive scattering, the elastic cross section remains above 20 % for Ir, MO, Cr and Fe as well as W. Table 2 shoulri ue of value to experimentalists as they decide which metals might be used in further attempts to observe atomic diffraction.
Conclusions
Based on experimental data presently available, it has been shown that both the surface structure (local surface potential) as well as the elastic cross section (Debye-Waller factor, 6) are important in determining the helium scattering distributions from solid surfaces. Finally, two sets of experiments are suggested which should help to evaluate the relative importance of these two effects for the interesting case of metal surfaces. First, appropriate crystal orientations must be chosen. The FCC (110) and BCC (112) crystal planes are very convenient to use since they are quite similar and diffraction has been previously observed on a BCC (112) surface. The intensity of diffracted helium beams should decrease in the order (at constant T,) W (112) > Ir (110) > MO (112) > Cr (1 12) > Fe (1 12) > Ta (1 12) etc for the metals listed in table 2. This experiment evaluates the effect of 6 for similar surface structures and local potentials. Secondly, a given metal such as W is chosen, and helium is scattered from different crystal planes at constant T, in order to determine the effect of the surface structure or local potential at a constant 6. As mentioned above, this experiment has been partially completed with no diffraction observed from W (1 10) at T, = 375 K (6 = 0.40) (Weinberg and Merrill 1972a) , but with diffraction observed from W (1 12) up to 1900 K (6 = 0.010) (Tendulkar and Stickney 1971) . This result together with the anisotropic scattering results on W (112) already points up the importance of the lscal surface structure. The fact that no diffraction is observed from FCC (1 11) or (100) crystal planes and BCC (1 10) plane is undoubtedly due to the fact they are the smoothest possible metal surfaces. Other crystal orientations of intermediate roughness between those mentioned above and the BCC (1 12) should be chosen to determine the surface structure necessary for diffraction to be observed.
Finally, it should be emphasized that the gas-surface potential well depth for the interaction of helium with the various metal surfaces was assumed equal to the constant value of 300 cal mol-', that is one conduction electron per metal surface atom was used in connection with the theory of Pollard (1941) . When experimentally measured initial heats of physical adsorption become available (ideally as a function of crystallographic orientation) those values for D may be used in equation 4 in order to calculate 6. It is possible that the ordering of the metals in table 2 will then have to be slightly revised. It is even possible that inferences may be made concerning the relative gas-surface potential well depths from observed variations in intensity of atomic diffraction beams.
